Predicting off-targets by computational methods is gaining increasing interest in early-stage drug discovery. Here, we present a computational method based on full 3D comparisons of 3D structures. When a similar binding site is detected in the Protein Data Bank (PDB) (or any protein structure database), it is possible that the corresponding ligand also binds to that similar site. On one hand, this target hopping case is probably rare because it requires a high similarity between the binding sites. On the other hand, it could be a strong rational evidence to highlight possible off-target reactions and possibly a potential undesired side effect. This target-based drug repurposing can be extended a significant step further with the capability of searching the full surface of all proteins in the PDB, and therefore not relying on pocket detection. Using this approach, we describe how MED-SuMo reproduces the repurposing of tadalafil from PDE5A to PDE4A and a structure of PDE4A with tadalafil. Searching for local protein similarities generates more hits than for whole binding site similarities and therefore fragment repurposing is more likely to occur than for drug-sized compounds. In this work, we illustrate that by mining the PDB for proteins sharing similarities with the hinge region of protein kinases. The experimentally validated examples, biotin carboxylase and synapsin, are retrieved. Further to fragment repurposing, this approach can be applied to the detection of druggable sites from 3D structures. This is illustrated with detection of the protein kinase hinge motif in the HIV-RT non-nucleosidic allosteric site.
INTRODUCTION
Drug repurposing is supported by the core observation that a single drug often interacts with multiple targets. It offers an appealing strategy; it enables reuse of existing therapeutic compounds and all the more those that were considered 'dirty' [1] because of the side effects they induce. Resolved 3D protein structures are a major source of information for understanding protein functional properties. The current explosive growth of publicly available protein structures in the Protein Data Bank (PDB) [2] is producing massive volumes of data for computational modelling and drug design methods. Target-based in silico drug design tools aid in the design and optimization of compounds to bind to specific targets. MED-SuMo is a technology for comparing protein surfaces, allowing structural similarities to be discovered and explored. The ligands are positioned using the assumption that identical ligands are likely to bind in the same protein environment with the same relative pose. Despite the numerous methods described for measuring 3D similarities between protein-ligand binding sites [3, 4] , there are still very few reports of predictive target identifications by systematic binding site comparisons [4] .
In a preliminary work, we described the application of MED-SuMo to target-based drug repurposing within the protein kinase superfamily using the complex of B-RAF with sorafenib as a query [5] . In this work, we describe this same application with another example using the complex of phosphodiesterase (PDE) with tadalafil. The full surface of every protein in the PDB was explored. The results were annotated with Uniprot and PFAM information, allowing the user to decide whether the candidate target is either a new potential application for this drug or a potential side effect to take into account. This approach is successful when a highly similar binding site is found in the PDB (or any macromolecular structure database). This high similarity is virtually only found within the same protein family or proteins known to share high binding site similarities like the HSP90 fold [6] or the aspartic proteases. Repurposing from one target to another of a different superfamily has met more success using ligand-and activity-based methods using sets of active ligands on various targets. The pioneering work of Vieth et al. [7] defined a metric between protein kinase binding sites based on common ligands and their IC 50 . This innovative chemical view of biology has been applied successfully to drug repurposing with a different approach by Keiser et al. [8] , by computing a pairwise similarity metric between ligand sets of various targets.
Target-based approaches are regaining interest when applied to fragment repurposing rather than to typical drug-like ligands. Local similarity between two proteins from different superfamilies is more likely to be found than a site similarity. Therefore, target-based repurposing is more likely to identify target candidates to repurpose fragments interacting with a local protein region. In this work, we describe how MED-SuMo can go beyond the limitation of searching for similar binding sites among a set of known binding sites by searching for local surface similarities in full protein structures. The potential binding of the drug and its pose in the target is implied by mining the PDB for fragments of the drug from all PDB ligands in a fragment-based approach [2, 9] . In the second part of this work, we searched exhaustively the full surface of all proteins in the PDB for regions similar to a given protein kinase hinge using MED-SuMo software, independently of any pocket detection. We identified tens of potential targets (data not provided) including two experimentally validated examples (see Target-based drug fragment repurposing).
In general, results of fragment repurposing can also be used to evaluate binding site druggability: for example, the detection of regions similar to the hinge of a validated druggable protein kinase is a guide for the detection of other druggable sites even if these were reported with no co-crystallized ligands. This is illustrated here by the detection of a local protein kinase hinge motif in the non-nucleosidic allosteric site of HIV-RT.
The repurposed fragment can be combined by hybridization to design drug-like compounds. Known active molecules, drugs or close analogues were retrieved using protein kinase [2] , G proteincoupled receptor (GPCR) [2] and kinesin [9] as queries. Interestingly, repurposed fragments originate from the same protein superfamily as the query and from other superfamilies.
TARGET-BASED DRUG REPURPOSING
The target-based drug repurposing in MED-SuMo is implemented by building a query with the protein environment of a ligand and submitting it to a database containing the full surface of all PDB structures. The similarity between cavities is quantified by the MED-SuMo score, which is a metric for protein surface similarity. The higher the score, the higher is the protein similarity. This is an absolute value closely related to the number of matching surface chemical features (SCFs) between the proteins. SCFs represent possible chemical interactions that might be formed at the protein surface, analogous to a pharmacophoric representation of small molecules.
To illustrate this approach, we considered the drug tadalafil. This compound targets two proteins: PDE4A and PDE5A. We used the structure of tadalafil bound to human PDE5A (PDB code 1udu) to build the query (Figure 1 ). The first human PDE4a hit (3i8v) is found in the hit list at Rank 20 after others: PDE4, PDE2 and PDE10. The size of the ligand and the relative flexibility of the pocket imply steric clashes between tadalafil and PDE4A, mostly between the 1,3-benzodioxole moiety and M549. The geometry of the complex was therefore optimized (ligand and neighbouring protein sidechains) using the MMFF94 forcefield. In this way, steric clashes were eliminated while keeping the same binding mode (Figure 2 ).
TARGET-BASED DRUG FRAGMENT REPURPOSING
Repurposing ligands as described above is limited to similar binding sites. Therefore, repurposing fragments of ligands is more likely to occur because similar sub-pockets are more often found than similar binding sites. To rank the repurposed fragments, we use the piecewise linear potential (PLP) inter scoring function [10] , which was identified in a previous work as a simple and successful function to rank repurposed fragments and hybrids of them [9] . PLP inter consists of the intermolecular terms only of the PLP protein-ligand scoring function.
In this work, we illustrate this fragment repurposing process using as a query the hinge region of a protein kinase. This region is interesting because it is a shared motif between protein kinase, a validated druggable target and other proteins belonging to different superfamilies. The MED-SuMo query is the 6 Å protein environment of the PDB ligand CIG (2-amino-6-chloropyrazine) of a cdk2 protein kinase structure (1WCC). This ligand is a small compound bound to the hinge with a chloro substituent pointing towards the gatekeeper (Phe80). The aim is to search the full surface of all proteins of the PDB and look for a similar motif. The advantage of searching a database describing the full surface of proteins is that the results are independent of pocket detection and also of the size and binding mode of the hit PDB ligand.
The results consist of a list of hits ordered by decreasing MED-SuMo score. In this particular case, all hits with a MED-SuMo score >6.1 (795 hits) are seen to match the hinge backbone. Those hits belong to the protein kinase family along with eight other protein superfamilies. Among those eight (data not provided), the one with the highest score is a biotin carboxylase (2w71), ranked 271 with a MED-SuMo score of 8.6. Interestingly, this similarity between protein kinase and biotin carboxylase is in agreement with experimental results recently reported in a publication where biotin carboxylase inhibitors were derived from a protein kinase inhibitor pharmacophore [11] .
Another experimental validation of the similarity between protein kinase hinge and a protein belonging to a different family is the case of Synapsin I [12] . This superposition is identified by MED-SuMo with a MED-SuMo score of 5.0 (rank 1199) and a PLP inter ¼ À21. Sorting the hits by PLP inter put Synapsin III (2p0a) at Rank 1086 with a PLP inter ¼ À21, which is a similar rank to the one obtained with the MED-SuMo score. Among those 1086 hits above synapsin, there are 60 unique PFAM codes that we are currently analysing, including biotin carboxylase, which are therefore identified as potential drug targets for hinge protein kinase fragment repurposing. Among those hits, some have no ligand bound, highlighting the advantage of searching the full surface of proteins rather than only the known binding sites.
Beyond repurposing of protein kinase fragments, this approach could be used to identify druggable sites by detecting known druggable protein motifs across structural databases. The hit with the best PLP inter ¼ À43 score is the non-nucleoside HIV reverse transcriptase binding site with the PDB ligand SPP bound (1KLM). The MED-SuMo score is 3.6 and the corresponding rank is 4251, in that case the PLP inter is therefore of a great help to identify this local similarity. In Figure 3 , the 3D superposition of cdk2 ATP site with the HIV-RT hit with the highest MED-SuMo score and the the HIV-RT non-nucleoside binding site is shown. The local similarity is high, based on the structural alignment with MED-SuMo of the hinge, together with the matching of the hydrophobic side chains Val106 with L134 and L100 with F80. The similarity is also observed on the ligand side, which explains the high scoring of CIG in HIV-RT. The ligands of the kinase and HIV-RT have a similar H-bond acceptor interacting with the NH H-bond donor from the backbone.
Key Points
Our target-based software can identify cases of drug repurposing on a rational structural basis. Repurposing relies on the detection of 3D similarities between proteins and not on docking or scoring functions. The entire PDB can be mined exhaustively in 3D for ligand repurposing. Example of PDE4/PDE5 is provided. The ligand repurposing protocol can be extended as a fragmentbased approach. Example of a protein kinase ligand fragment repurposed in biotin carboxylase, synapsin is given. The protein kinase hinge region is detected mostly, but not exclusively, in purine binding sites. Its detection in the HIV-RT non-nucleosidic allosteric site indicates that target-based fragment repurposing could serve also as a druggable site detection method. 
